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ABSTRACT 
A study of the continuous reaction of chlorine and fluorine 
to produce chlorine trifluoride at a temperature of 540° to 560°F 
was conducted in a one inch diameter packed tower reactor system. 
Eleven individual runs were made and conversion data was obtained 
for reactor a.pace times of 5. 5 to 30 seconds. It was shown that 
conversions of greater than 95% on both chlorine and fluorine 
could be obtained at space times of 17 seconds or over using 
approximate stoichiometric feed rates. 
Kinetic models for irreversible zero order, irreversible 
first order, and consecutive irreversible second order reactions 
in an ideal plug flow reactor were developed and tested with the 
conversion data. The data was shown to fit a second order kinetic 
model which ass~ed the rapid and complete reaction of chlorine with 
fluorine to produce chlorine monofluoride followed by the rate 
controlling reaction step between fluorine and chlorine monofluoride 
to produce chlorine trifluoride. The rate equation was of the form 
-r F [CMF] 
and the model relating space time to fluorine conversion in an ideal 
plug flow reactor vas 
',' = 3 2 { 1 - 0.5XF) ~ 
1 - ~2 
1 
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This equation could not be integrated analytically and it was 
necessary to test the data by graphical integration. A value of 
-1 -1 · 137 sec. atm. was determined for the rate constant k
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INTRODUCTION 
This study was undertaken to examine the reaction of chlorine and 
fluorine to produce Chlorine Trifluoride (CTF) in a continuous plug flow 
reactor at constant temperature. The overall reaction being studied is 
as follows: 
--.....,i)r• 2 ClF3 
A laboratory experimental program was set up to determine: j, 
( 
(1) Whether high conversions of fluorine to chlorine trifluoride 
can be obtained and; 
(2) If the data can be fitted to an empirical kinetic model. 
The kinetic models for an ideal plug flow reactor for irreversible 
zero order and first order reactions will be studied. A kinetic model for 
consecutive second order reactions with Chlorine Monofluoride (CMF) as the 
intermediate product will be developed. The consecutive reactions 
considered in this case are: 
2 ClF + 2F2 
The experimental program will investigate the effects of reactor 
volume and space time on fluorine conversion to CTF. 
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PREPARATION, PROPERTIES! USES .Q!'..'CHLORINE TRIFLUORIDE 
Chlorine Trifluoride (CTF) was first prepared by the direct combina-
tion of Cl2 and F2 by Ruff & Krug in 1930 (12). More recent references (2) 
and (14) indicate the laboratory preparation to be carried out at 200°c to 
280°C with the crude CTF condensed at dry ice temperature (-70°C). The CTF 
is purified by allowing the crude product to warm to room temperature and 
venting the more volatile Cl2, F2 and ClF until the vapor pressure of the 
product falls along the CTF vapor pressure curve. The literature (8) (11) 
on the__crjrmnercial processes for producing CTF is very limited and essentially 
follows that of the laboratory process where Cl2 and F2 are reacted at 
temperaturesof 200 to 280°c. No data is published on the kinetics of the 
reaction, but the presence of the intermediate ClF is mentioned (8). 
CTF is a very powerful oxidizing agent and is comparable to F2 in its 
ability to raise metals to its highest valence state. However, its great 
advantage over F2 is its non-cryogenic storability as evidenced by its high 
critical temperature (154°c) and boiling point (11.7°c). Therefore, CTF 
can be handled, stored, and shipped as a dense liquid (Specific Gravity= 
1.83@ 11.7°c) under its own vapor pressure (7 psig@ 70°F). Table I lists 
the pertinent physical properties for CTF. CTF usage is based on its high 
reactivity and its ability to burn or consume other materials by means of its 
high oxidative power under normal conditions. It is currently reported to be 
used in UF6 production plants (7), but the exact nature of its application 
is not documented. It is also used for cutting pipe in deep oil wells (18) 
by controlled reaction with .the metal wall in a specific area. Another usage 
in which a consideFable amount of development work has been done is as a 
rocket or missile propellant (4). It also was used by Germa~y as an incendiary 
4 
. ~ ' '. ·. 
agent during World War II (3), 
The extreme reactivity of CTF which leads to its usefulness in the 
applications mentioned above, also makes it a very difficult and hazardous 
material to handle~ It is hypergolic and will react explosively with water 
and any organic material. Teflon is the only plastic material with which it 
can be used and only under static conditions. Most metals react to some 
extent with CTF, but fortunately the formation of a passive fluoride film on 
nickel, copper, monel and mild steel allow its use at moderate temperatures. 
The reactivity and hazardous nature of CTF limited the experimental program 
and particularly presents problems on analytical work. Several publications 
(5) (17) are available outlining the hazards associated with handling CTF and 
precautions to be observed in its use. 
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TABLE I 
PHYSICAL PROPERTIES OF HALOGENS & HALOGEN FLUORIDES 
~ CHLORINE CHLORINE FLUORINE CHLORINE TRIFLUORIDE MONOFLUORIDE F2(1) c12(1l (CTF) (CMF) ~ CLF3(1) CLF(12) ! STANDARD STATE GAS GAS LIQUID GAS MOLECULAR WEIGHT 38.00 70.91 92.45 54.45 i BOILING POINT, 0 c 
-188.1 
-34.06 11.3 
-100.8 
MELTING POINT, 0 c 
-219.6 
-101.0 
-83 
-154 ti CRITICAL TEMP., 0 c 
-129.0 144 154 1 j CRITICAL PRESSURE, ATM. 53.0 77.3 DENSITY AT BOILING POINT,gms/cm3 1.50 1.56 1.83 1 
1 l 
•\ VAOPR PRESSURE@ 20°c, PSIA 100 21 
'J 
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MATHEMATICAL ANALYSIS OF KINETICS IN A PLUG FLOW REACTOR 
In a plug flow reactor, feed enters one end of a cylindrical 
tube and the product stream leaves the other end with the composi-
tion of the fluid varying from point to point along the path of 
flow. A schematic representation of the plug flow reactor is 
shown below: 
XAO = 0 
VO 
FIG. A 
~f 
Af 
Plug flow reactors are normally operated at steady state 
(except at startup or shutdown), so that the properties are constant 
with respec\ to time. No auxiliary provisions are made for stirring 
and generally there will be variation in both the longitudinal and 
radial directions. The extent of this mixing will effect the composi-; 
/' 
tion of the stream with respect~ position. 
\ In analyzing this type reactor, the ideal plug flow reactor is 
used as a model with the following specific assumptions made on the 
extent of mixing: 
(1) No mixing in the axial direction (direction of flow). 
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(2) 'Complete mixing in the radial direction. 
(3) A uniform velocity across the radius. 
Deviations from these assumptions in real reactors have been 
found unimportant in most cases and the ideal plug flow reactor serves 
as a very useful model for kinetic analysis (16). 
Referring to Fig. A, a material balance for reaction component A 
can be made over the differential volume dV, accordingly: 
Input A= Output A+ Disappearance A by reaction+ Accumulation A (1) 
Referring to Fig. A, we see that for the volume dV: 
Input of A, moles/time = FA 
Output of A, moles/time= F + dF A A 
Disappearance of A by 
reaction, moles/time = (-rA) dV 
Accumulation of A 
(steady state) = 0 
Substitutinp; these terms in Eq. (1) 
Since 
FA= FAO (1 - XA) 
dFA = d [FA0(1 - XA)] = - FAOdXA 
Replacing dFA in Eq. (1) and simplifying 
FAOdXA = (-rA) dV 
(3) 
(4) 
( 5) 
Equation (5) is the expression for A in the differential section of 
the reactor of volume dV. For the entire reactor, the variable may 
be separated and the equation placed in integral form with FAO (feed 
8 
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rate) constant and -rA variable. 
JV _E.Y_1-XAf ~:A FAQ A 0 0 
Thus 
V 
Ji' AO 
=J XAf dXA 
-r 
o A 
( 6) 
( 7) 
Equation (7) is the general expression for the conversion in an ideal 
plug !'low reactor u.nd u.llows the determination of reu.ctor size for a 
given feed rate and conversion. 
= 
V 
V 
0 
Introducing space time r 
J 
J•;quation (7) can be written in the more useful form of' 
V ,= 
V 
0 
'I'he performance equations ( H) and ( 9) can be used as such and tht-
(a) 
npace time needed determined by numerical or graphical integration. 
F'or simpler kineti.c forms, the expression for the ru.te ( r A) can be 
placed in ~q. (A) or ~q. (9) and an analytical expression obtained 
which directly relates reactor volume, feed rate, and conversion. 
Also, by analyz1.ng data for an assumed kinetic mechanism, the analyti-
cal expression can be plotted to determine whether the assumed mechan-
ism is correct. This is the approach which will be used in analyzing 
the reaction of Cl2 and F2 in the plugged flow reactor to determine the 
kinetic mechanism. 
Levenspiel (9) has worked out the kinetic expressions for zero 
9 
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order and first order irreversible reactions and these results are 
presented below. This technique will be extended to analysis of the 
CTF reaction through a mechanism which assumes the formation of chlorine 
monofluoride (CMF) as an intermediate product . 
Zero Order Reaction (l) 
The rate expression is -r 
A = - dCA = k. 
dt 
Applying this equation to the CTF reaction and basing conversion on 
fluorine gives 
'r= [F21XF dXF, 
--k 
7'= [FOJ 2 XF' 
k 
for zero order kinetics, a plot of 'T versus XF will yield a 
straight line with a slope of [F~]/k. 
First Order Irreversible 
----
The rate expression is -r = A -dCA = k CA = k NA 
dt V 
Since 
NA 
= 
NAO (1 - XA) = CAO 1 - XA 
V Vo (l+EAXA l+EAXA 
-rA = k CAO 1 - XA 
l+fAXA 
(l) All reactions are analyzed with the assumption that the volume 
of the reacting system varies linearly with conversion so that 
V = V0 (l+fAXA) wheref:'A is the fractional change in volume 
( 9) 
(10) 
(11) 
(12) 
( 13) 
of the system between no conversion and complete conversion of A. 
10 
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Substituting in Eq. (8) and applying the equation to the CTF 
reaction based on F2 conversion gives 
1-iXF 
- (1+£FXF) dXF 
o k (1 - XF) 
Integration of Eq. (14) yields 
For first order kinetics, a plot of 'r versus [ ( 1 +£F) 
(14) 
(15) 
ln 1 
..EF ~] will yield a straight line with a slope of 
1 . 
k 
Second Order Consecutive Reaction 
If the reaction to produce chlorine trifluoride were to proceed 
in a single step, it would require the simultaneous collision of three 
molecules of fluorine with a single molecule of chlorine. This is 
highly unlikely and, therefore, a more complicated reaction than an 
elementary zero order or first order reaction is suggested. There 
is evidence in the literature (2) of the presence of CMF in the 
preparation of CTF. Therefore, a mechanism is suggested whereby this 
intermediate chlorine monofluoride is formed initially by the reaction 
of chlorine and fluorine. The chlorine monofluoride would then react 
with additional fluorine to produce CTF. The proposed reaction 
mechanism is as follows: 
(16) 
11 
• 
( 
1 l 
• 
. )., .. •;.; 
CLF + F2 
For this case, the rate equation for the disappearance of 
fluorine is 
(17) 
(18) 
For reaction (17), Schmitz & Schumacher (15) have measured the 
equilibrium constant and reported a value of Kp = 3356 at 205°C. 
Therefore, at equilibrium the rate of the reverse reaction, - k3 [CTF], 
is small relative to the forward reaction and can be eliminated from the 
equation. No data is available on the equilibrium constant for Eq. (16), 
but it is expected that this reaction ds highly irreversible and the 
rate of the reverse reaction is very small relative to the forward 
reaction. 
Eq. (18) would then reduce to 
(19) 
Since the concentration of CMF is not directly measurable, the 
above expression cannot be tested in its present form. Therefore, 
it would be advantageous to present the CMF concentration in terms of 
the reactants or products. In order to do this restrictions can be 
placed on the model and certain simplifying assumptions made. As an 
initial assumption, it can be assumed that the concentration of chlorine 
monofluoride is low (k3> :> k1) and at steady state its rate of change 
will be zero. The rate expression for CMF is 
(20) 
12 
~-. 
~I 
I ): 
Eq. (20) will reduce to 
[CMF] = 2 k1 [Cl2] 
k3 
Substituting this in Eq. (19) 
or, 
(21) 
(22) 
(23) 
This is the equation for a second order reaction. In order to 
use this equation in terms of conversion of F2, the second assumption 
of very small(~ zero) concentration of CMF is made. This will then 
allow the conversion of F2 as measured by the production of CTF to be 
equal to the conversion of Cl2, 
Substituting Eq. (11) and Eq. (12) in Eq. (23) gives 
-rF = 3k1 NFo - NFo XF Nco - ~F0/3 )XF (24) 
V0 (l+EFxF) 
or, 
-rF = 3k1 NFo 
Vo 
where, M = Nco 
NFO 
(1 - XF) 
(l+f'FXF 
V0 (1+£FXF) 
NFo (3M - XF) 
Vo (l+(FXF) 
Substituting ~q. (25) in Eq. (8) gives 
(1+£XF)2 dXF 
3 k1 [F;] 2 (1-XF) (3M-XF) 
This equation cannot be integrated analytically as it stands. 
However, if a stoichiometric ratio of chlorine to fluorine is used, 
M = !, ~F = - 1/2 and Eq •. (26) reduces to 3 
. 
13 
(25) 
(26) 
I 
~ 
·, 
i 
lr 
'r• 
Integration gives 
2 ( 1 - 0.5 x,) 
( l - XF )2 
2 - Xp, 
1 - X F 
- 1 ln (1 - Xr) 
2 
(27) 
(28) 
Equation (28) is the kinetic equation relating space time in the 
/ 
reactor to fluorine conversion based on the following assumptions: 
(a) CMF concentration is low and relatively constant. 
(b) The rate of reaction between Cl2 and F2 is controlling 
over the ratio of reaction between CMF and F2. 
(c) Stoichiometric ratios of Cl2 and F2 are used. 
At the other extreme, Eq. (19) can be analyzed using the assump-
tion where the reaction between Cl2 and F2 is very fast with essen-
tially spontaneous conversion to CMF; and the overall rate of reaction 
to CTF is then controlled by the reaction of CMF with F2. Under these 
conditions, the concentration of Cl2 is approximately zero and the 
relationship between concentration and F2 conversions are as follows: 
[ Cl2] = 0 
[ CMF] = 2Nco 
V 
At any time 
and 
V = VO ( 1 +f F XF ) 
Eq. (29) reduces to 
(CMF] = NFO (M - 1 - 2/3 Xp,) 
Vo ( 1 +£F XF ) 
14 
(29) 
(30) 
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The fluorine concentration 11 equal to 
[F2] = NFO- NCO- (2/ 3)XFNFO 
V 
or, 
(F2] • NFO ( l - M - (2/3)XF 
Vo ( 1 +£F XF ) 
Substituting in Eq. (19) 
-rF = k3 NFO (M - 1 - ~~3)XF) NFO 
Vo (1 +£ F XF) Vo or, 
0 2 
(1 - M -(2/3)XF) 
(1 + Er XF) 
(M - 1 - (2/3)XF) -rF = k3 [F2] (1 - M - (2/3)Xp) (1 +t; XF)2 
( 8) gives 
'I'his equation cannot be integrated analytically as it stands. 
( 31) 
( 32) 
(33) 
If the stoichiometric ratio of M = 1/3 and E. = - l/2 are substituted 
the equation simplifies to 
~= 3 iXF 
2 k3 [ F;] 
0 
( 1 - 0. 5XF') 2 
(1 - XF) 
( 34) 
Eq. (34) represents the kinetic equation in an ideal plug flow re-
actor relating space time to fluorine conversion based on the following 
assumptions for the CTF reaction: 
(a) The intermediate CMF is found very rapidly at the inlet 
of the reactor by the total reaction of Cl2 (i.e., (Cl2]~ O) 
/: •· 15 
I 
·,' 
(b) The rate ot reaction ia controlled by the reaction of 
CMF and F2. 
(c) Stoichiometric ratios of Cl2 and F2 are used. 
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EXPERIMENTAL PROGRAM 
The experimental program was designed to measure the conversion of 
chlorine and fluorine to chlorine trifluoride· as a function of space time 
in a continuous plug flow reactor under isothermal conditions. Space time 
V ( 7' = Vo ) in the reactor was the independent variable and was varied by 
changing both V (total volume of the reactor)and v0 (total flow of gas to 
the reactor) independently. V was varied at two values (18 11 & 36") by 
changing the length of the heated reaction zone with the diameter of the 
reactor kept constant at l" for all runs. The total flow of chlorine and 
fluorine was varied over a range of 2.0 to 5,3 SCFH with the molar ratio of 
fluorine to chlorine maintained as close as possible to the stoichiometric 
ratio of three. 
Fluorine was obtained from the Air Products and Chemicals' Specialty 
Gas Department as their technical grade material. Each cylinder was analyzed 
for inert content with fluorine obtained by difference. Other impurities 
such as HF,CF4,SF6 was considered to be negligible based on typical analysis 
data. 
Fluorine was metered into the system by maintaining a constant pressure 
drop across a fixed setting on a micro.metering valve. The total quantity of 
fluorine charged to the system was based on the pressure drop of the charging 
cylinder with each PSI (inert free) of pressure equivalent to 5,31 grams of 
fluorine as calculated below: 
(1) Volume of Cylinder 3 1. 75 ft. 
Density of Fluorine@ 14,7 PSI & 70°F - 0.0983 Lbs. 
Ft3 
(l)Air Prod. & -Chem. "A" Size High Pressure Cylinder. 
17 
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Oms. F2@ 70°F 
AP (PSI) 
• 0, 0983 b!?.!:.. 
Ft3 
14.7 PSI \ 
X 1.75 Ft3 X 453,69 11s.X 
Lbs. 
( 
100% - % inerts) 
100 
Chlorine was obtained from the Air Products and Chemicals' Specialty 
Gas Department as their electronic grade material. This material is 
typically greater than 99.9% Cl2 and no analysis was done on the Cl2 used. 
Chlorine was metered into the system in a similar manner to fluorine by 
maintaining a constant pressure drop across a fixed setting on a micro 
metering valve and measuring the flow through a rotameter. In addition, 
the feed cylinder was placed on a scale for weighing. Since there was some 
difficulty in correlating rotameter flow with actual weight loss of the 
cylinder, the total weight lost was always used when there was a discrepancy. 
Maintaining a constant flow of Cl2 and F2 to reactor was essential 
to the success of the experimental work. Since both materials are highly 
reactive, hazardous and corrosive this presents a very difficult metering 
problem. Our experience has shown that the technique of maintaining a constant 
pressure drop across a fixed orifice opening to be the most reliable for main-
taining constant flow. For both the chlorine and fluorine, single stage all 
monel corrosive service regulators were used. These provided excellent control 
of upstream pressure at 30 psig. There was no observable pressure drop through 
the system at all flow rates used and, therefore, downstream pressure was held 
constant at atmospheric. After the regulator and the valve opening were set, 
these were not adjusted during the course of the experiment and the quantities 
18 
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measured as above. 
The quantity of chlorine trifluoride produced was obtained by condens-
ing the crude chlorine trifluoride along with other condensibles at dry ice 
temperatures into a receiver. After the completion of a run, the receiver 
was isolated and allowed to warm. The receiver was then vented until the 
pressure in the cylinder matched the vapor pressure of chlorine trifluoride 
at the specific temperature of the receiver. This technique was reported to 
be effective for removing excess ClF, F2 and Cl2 and producing pure ClF3 (2). 
An IR spectrum of the product was run and compared to commercial material 
(~ 99% ClF3 as furnished by Allied Chemical Corp.) and compared to litera-
ture spectrum (6). 
The conversion was measured by weighing the amount of ClF3 collected 
. for an entire run and relating it to the amount of F2 charged as follows: 
Moles of F2 = (~ P of Cyl. in PSI) x 
Moles of ClF3 = Gms of ClF3 
92.5 
% Conversion = Moles F2 x 2 x 100 
Moles of ClF3x3 
19 
gms F2 x 
PSI 
,j 
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EXPERIMENTAL EQUIPMENT ! OPERATING PROCEDURE 
A flow diagram of the experimental apparatus is shown in Fig. I. 
The description and specifications for the equipment are presented in 
Table II. The following is the operating procedure with reference to 
Fig. I: 
1. Prior to initial start up, the system is pressure tested at 30 psig 
and passivated with increasing concentrations of F2 until no free 
fluorine is noted in the exit gas. 
2. Set furnace temperature controller 0 at 560°F and allow reactor 0 to heat up until temperature stabilizes at 560°F. If the upper 
section of the reactor is to be used, adjust rheostat~ until 
temperature TI-1 is stable at 560°F. 
3, Open valves V-5, V-6, V-7, and V-13, All other valves should be 
closed. Observe pressure in system on Pl-6 and Pl-7, Pressure 
should be O psig. 
4. Open fluorine cylinder 0 valve and adjust regulator PR-3 to 
30 psig. Read pressure on Pl-5, 
5, Slowly open metering valve V-1 to introduce /"J 0.5 CFH through the 
system for approximately 1/2 hour. 
6. Adjust metering valve V-1 opening to desired setting based on 
Fig, III. 
7, Open Cl2 cylinder and set regulator PR-1 to 30 psig. 
8. Slowly open metering valve V-2 and adjust until the flow rate of Cl2 
on Rota.meter 0. is approximately equal to one CFH of c12 to 3.0 CFH 
of F2. Different settings are used for each experimental run. 
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9, Immediately record weight ot Cl2 on scale~ and pressure reading 
on Pl-4. 
10. Allow system to run in this manner for predetermined period of time 
( 4 to 7 hrs. ) • 
11. During the course of the run perform the following checks: 
(a) Read Pl-4 hourly and calculate F2 flow rate. This is necessary 
to determine whether the flow is remaining constant during the 
run. Do not adjust PR-3 or V-1. 
(b) Take scale readings hourly and check with flowmeter reading. If 
they disagree, use scale reading as flow rate. Check whether 
this is in the proper ratio to F2, If this is not the case, 
it may be necessary to discard the run. Do not adjust PR-1 or 
V-2. 
(c) Check temperature reading on Tl-1 and TIC-1 every 15 minutes. 
If necessary make adjustments to TIC and Rheostat 1). 
(d) Check Tl-2 every 15 minutes. It should be -40°F or less. As 
required periodically add dry ice to condenser ~ and dewar ~ 
12. At the completion of the run, close valves V-1 and V-2. Also close 
Cl2 and F2 cylinder valves. 
13, Record pressure on Pl-4 to obtain total F2 usage. 
14. Record weight on scale to obtain total Cl2 usage. 
15, Close va.lves V-5 and V-6. 
~6, Remove dry ice dewar ~ and allow product cylinder ~ to warm to 
room temperature. Observe pressure on Pl-7, 
17. When pressure has stabilized or has ris~n to 30 psig, slowly open V-5 
and vent to O psig. 
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18. Close V-5 and observe pressure on Pl-7.· Repeat step 17 until pressure 
stabilizes along CTF vapor pressure curve (Fig, Il). 
19, Disconnect cylinder upstream of V-7 and weigh previously tared product 
cylinder. 
20. Compare IR of product to IR of standard. 
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TABLE II 
DESCRIPTION OF EQUIPMENT 
A SIZE F2 CYLINDER · AIR PRODUCTS & CHEMICALS 
D SIZE Cl2 CYLINDER· AIR PRODUCTS & CHEMICALS 
SCALE· O'HAUS DOUBLE BEAM· 20 KQ CAPACITY x 19m SENSITIVITY 
ROTAMETER · 150mm TUBE - AIR PRODUCTS & CHEMICALS 
FURNACE· HEVI-DUTY ·TYPE· H-19 
REACTOR · 1" SCH. 40 NICKEL PIPE x 36" LONG WITH %" NICKEL 
PROTRUDED PACKING. 
HEATING TAPE - BRISKET TYPE 42-528-28 - BURRELL CORP. 
RHEOSTAT - TYPE 2PF-1010-STACO, INC. 
TEMPERATURE CONTROLLER - WEST MODEL 800 (0·1000°F) WITH 
CHROMALOX VCR-115-30 VARIABLE INPUT CONTROLLER 
CONDENSER - 2" SCH 40 STAINLESS STEEL PIPE WITH 1" SCH. 40 STAINLESS 
STEEL PIPE 
PRODUCT RECEIVER - 8" I. D. x 0. D. x 11%" HEIGHT 
VALVES & GAUGES 
PR-1 CORROSIVE SERVICE REGULATOR-STAINLESS STEEL;0-100PSI OUTPUT. 
AIR PRODUCTS & CHEMICALS 
PR-2 N2 REGULATOR - ALUMINUM; 0-100 PSI OUTPUT. AIR PRODUCTS & 
CHEMICALS 
PR-3 F2 REGUAL TOR - MONEL; 0-50 ~SI OUTPUT. AIR PRODUCTS 
& CHEMICALS 
V-1 Y.i" STAINLESS STEEL METERING VALVE-HOKE 
V-2 Y.i" STAINLESS STEEL METERING VALVE-HOKE 
V-3 Y.i" STAINLESS STEEL BALL VALVE-HOKE 
V-4 Y.i" STAINLESS STEEL BALL VALVE-HOKE 
V-5 3/8" STAINLESS STEEL BALL VALVE-HOKE 
V-6 3/8" STAINLESS STEEL BALL VALVE-JENKINS 
V-7 3/8" STAINLESS STEEL BALL VALVE-HOKE 
V-8 3/8" STAINLESS STEEL BALL VALVE JENKINS 
V-9 3/8" STAINLESS STEEL BALL VALVE- HOKE 
V-10 %" STAINLESS STEEL METERING VALVE-HOKE 
V-11 3/8" STAINLESS STEEL BALL VALVE-HOKE 
V-12 3/8" STAINLESS STEEL BALL VALVE-HOKE 
V-13 %" STAINLESS$ STEEL BALL VALVE-HOKE 
V-14 %" STAINLESS STEEL METERING VALVE-HOKE 
Pl-1 0-4000 PSI STAINLESS STEEL 
Pl-2 0-200 PSI STAINLESS STEEL 
Pl-3 0-400 PSI BRASS 
Pl-4 0·400 PSI MONEL 
Pl-5 0-100 PSI MONEL 
Pl-6 0·30/0-150 PSI STAINLESS STEEL 
Pl-7 0-30-PSI STAINLESS STEEL 
Pl-8 0~30/0-160 PSI STAINLESS STEEL 
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EXPERIMENTAL RESULTS ! ANALYSIS .Q!: DATA 
A total of eleven runs were made in the experimental reactor 
system and overall conversions of Cl2 and F2 to CTF were computed. 
The experimental data and computed conversions are presented in 
Table III. 
The initial three runs were made at arbitrarily high values 
of space time to determine whether high conversions to CTF could 
be obtained. Runs No. 1, 2 and 3 at space times of 28 to 31 
seconds gave high conversions (97 to 100%) of the limiting 
reactant chlorine. In all cases, an excess of F2 was used ranging 
from 9 to 31%. Three additional runs (No. 4, 5 and 6) were then 
made at space times of 17.7, 17.8 and 16.6 seconds and conversions 
of 96.6, 98.8 and 97.5% were obtained based on the limiting 
reactant. In these cases, a better stoichiometric balance of F2 
and Cl2 was obtained with the per cent excess F2 held between stoich-
iometric and 8% excess. In all of the first six runs the length of 
the reactor was held constant at 3 feet and the flows of Cl2 and F2 
were adjusted in order to vary the space time. 
These series of runs demonstrated that high conversions of F2 and 
c12 could be obtained at near stoichiometric feed rates with space 
times of 17 seconds or longer. The data from these runs were of little 
help in analyzing the kinetics of the reaction except that the kinetics 
would have to be of a form which allows high conversion and little 
reversibility of the reaction. 
The rema_ining five runs were performed at much .shorter space 
times ranging from 9,0 seconds to 5,5 seconds. In all of these runs, 
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TABLE Ill 
CIF 3 EXPERIMENTAL DATA 
1 INCH DIAMETER REACTOR 
OPERATING CIF3 PER CENT SPACE FLUORINE CHLORINE REACTOR TIME RECOVERY CONVERSION TIME RUN TEMP. TEMP. 
T NO. TOTAL TOTAL TOTAL TOTAL LENGTH TOP BOTTOM HRS. GRAMS MOLES Cl2 F2 SEC. GRAMS MOLES SCFH GRAMS MOLES SCFH FT. OF OF 
1 314 8.27 1.61 151 2.12 0.39 3.0 550 550 4.5 403 4.36 102.4 ~~:: 79.0_~Jg 29.5 
2 393 10.34 1.65 221 3.11 0.48 3.0 560 550 5.5 560 6.05 97.3 ~~:~ 87.7 ~~:~ 27.6 
3 288 7.57 1.47 167 2.35 0.44 3.0 560 560 4.5 442 4.78 101.7 ~;:: 94.6~:g 30.8 
4 445 11.71 2.57 256 3.60 0.76 3.0 560 560 4.0 644 6.96 96.6 ~;:~ 89.1 ~~! 17.7 
5 597, 15.71 2.50 377 5.31 0.81 3.0 560 560 5.5 958 10.36 97.5 ~~:~ 98 8 +2.0 
. -3.0 17.8 
6 592 15.58 2.73 347 4.89 0.82 3.0 600 570 5.0 882 9.53 97 5 +0 -8 91 7 +l.9 
. -1.8 . -29 ° 16.6 
7 471 12.39 2.57 252 3.55 0.66 1.5 560 4.5 400 4.32 60.8 +0.8 523 +l.5 
-1.8 -2.5 9.0 
8 786 20.68 3.15 493 6.94 1.02 1.5 560 5.7 580 6.27 45 2 +0.4 45 4 +o.9 7.0 
J · -1.4 . -1.8 
60 4 +0 -8 48 3 +l.4 
9 498 13.10 2.76 248 3.49 0.71 1.5 560 4.2 390 4.22 
· -1.8 · -2.4 8.5 
10 496 13.05 2.92 333 4.69 0.99 1.5 570 4.0 357 3.86 41 1 +0.4 44 3 + 1-2 
. -1.4 . -2.2 7.5 
11 827 21.76 3.89 577 8.13 1.37 1.5 570 5.0 570 6.16 37 .8 +o.3 424 +o.9 
-1.3 -1.8 5.5 
NOTES 
(1) OPERATING PRESSURE - 0 PSIG 
(2) TEMPERATURE CONTROL± 1D°F 
(3) RUNS 1 to 9 - 3.0% N 2 IN F 2 FEED; RUNS 10 & 11 - 4.3% N 2 IN F 2 FEED (4) REACTOR VOLUME - 0.00818 FT3 IN 1.5 FT. REACTOR & 0.01636 FT 3 IN 3.0 FT. REACTOR (5) FLUORINE ERROR± 2 PSI OR± 10.7 GRAMS. (6) CHLORINE ERROR± 2 GRAMS 
(7) CHLORINE TRIFLUORIDE ERROR± 2 GRAMS 
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the reactor length was shortened to 18 inches. Data collected 
during these runs gave F2 conversions of 52% at a space time of 
9.0 seconds (Run No. 7) down to F2 conversions of 42% at a space 
time of 5.5 seconds (Run No. 11). In all cases, the conversion 
data was analyzed based on F2 since the conversions were low and 
not controlled by the availability of either reactant. In all 
cases, flows were initially set to maintain a slight excess of F2, 
However, i~Runs No. 7 and 9, c12 flows as determined by weight 
measurements were lower than projected by the flowmeter readings 
resulting in slightly higher excesses of F2, In these cases, the 
weight loss of the Cl2 feed cylinder was used and no adjustments 
to flow were made during the course of the reaction. Any such 
adjustments would invalidate the experiment since space time and 
conversion were determined over average flow rates which were held 
constant throughout the run. 
The conversion data from these last five runs along with the 
data from Run No. 5 were used to determine a kinetic model for the 
reaction. The data will be analyzed for the four models which have 
been developed previously inthis report. 
In analyzing the data, it was necessary to specify the experi-
mental error in the data used to compute F2 conversion. This becomes 
especially significant when dealing with kinetic models which lead 
to infinite spac.e times at quantitative conversions. For these cases, 
a very small error in the conversion data at high conversions gives 
an enormous change in the correlating functions. In determining the 
maximum possible errors, on~ the accuracy of the measurements of F2 
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and Cl2 input and CTF output and purity were considered. A nega-
tive 1% error was included for CTF content of the product, since 
the CTF collected was being compared to a 99% standard. No 
experimental error was included for variation in operating condi-
tions such as, temperature, pressure or flow rate. 
The first case analyzed was for zero order kinetics according 
to Eq. (10), Fig. IV is a plot of 'f"versus XF using the data given 
in Table Ill, The data closely approximates zero order kinetics 
e~cept for the two data points at lower space times (Runs No. 10 and 
I 
11 (which fall badly off the curve, 
The data was then analyzed for first order kinetics as given 
by Eq. (15), Table IV gives the calculated results using Eq. (15) 
and Fig.Vis a plot of this data. The data fails to yield a 
straight line and completely fails at the high conversion data 
(Run No. 5), Therefore, elementary first order kinetics can be 
eliminated. as a model. 
The data was next analyzed for second order kinetics using 
. 
Eq. (18) as the model. As developed previously, this model assumes 
reactions in series with the intermediate CMF produced initially by 
reaction of Cl2 and F2 and subsequent reaction of CMF with additional 
F2 to produce CTF. Further, it is assumed for this model that the 
rate of reaction between Cl2 and F2 is controlling and the concentra-
tion of CMF is essentially zero. Fig. VI is a plot of the data using 
Eq. (18} as the model and the calculated data is given in Table V. 
As was the case with first order kinetics, the data does not correlate 
0 
to a straight line and totally fails at the high conversion data. 
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SEC. XF 
5.5 0 424 +0.008 
· -0.018 
7.0. 0 454 +0.008 
· -0.018 
7.5 0 443 +0.012 
. -0.022 
8.5 0 483 +0.014 
. -0.024 
9.0 0 523 +0.015 
· -0.025 
17.8 0 988 +0.012 
. -0.030 
' i 
TABLE IV 
FIRST ORDER KINETICS 
,+ ~.51n(1 ~xJo.5xJ 
.!_ XF 1 1 1 
2 0.5 In 1 _ XF 2 XF + 0.5 In ( 1 - XF) 
0 212 +0.004 
. -0.009 
0 276 +0.007 
. -0.016 
0 487 +0.011 
. -0.025 
0 227 +0.004 
· -0.009 
0 302 +0.008 
. -0.016 
0 529 +0.012 
· -0.025 
0 221 +0.006 
' -0.011 
0 292 +0.011 
· -0.019 
0 513 +0.017 
· -0.030 
0 241 +0.007 
· -0.012 
0 330 +0.013 
. -0.023 0.571 ~~:~: 
0 261 +0.007 
. -0.012 
0 370 +0.016 
. -0.025 
0 631 +0.023 
. -O.Q37 
0 494 +0.006 + uo + 00 
· -0.015 2.211 -0.688 2.705 -0.703 
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,_ 
T 
. SEC. XF 
5.5 0 424 t0.008 
· -0.018 
7.0 0 454 t0.008 
· -0.018 
7.5 O 443 t0.012 
· -0.022 
8.5 0 483 t0.014 
' ~0.024 
9.0 0 523 +0.015 
· -0.025 
0 988 t0.012 17.8 r ' -0.030 
' ! 
,,I 
,. ;. '' ~ ... 
TABLE V 
SECOND ORDER KINETICS 
[CIF] = 0 
(
2 
- XF) -0.51n (1 - xFJ 
1 -- X F 
x,(~) 
4 1- XF -0.51n (1 - XF) 
0 290 t0.008 
· -0.018 
0 276 t0.007 
. -0.016 
0 321 t0.008 
. -0.019 
0 302 t0.008 
' -0.016 
0 309 t0.013 
. -0.023 
0 292 t0.011 
. -0.019 
0 354 t0.017 
. -0.028 
0 330 t0.013 
' -0.023 
0 405 t0.021 
· -0.032 
0 370 t0.016 
. -0.025 
too 
20.83 -5.94 
too 
2.211 -0.688 
34 
·! 
Xt-X') - - -0.51n (1 - XF) 
4 1 -XF 
0 566 t0.015 
· -0.034 
0 623 t0.016 
. -0.035 
0 601 t0.024 
. -0.042 
0 684 t0.030 
' -0.051 
O 775 t0.037 
' -0.057 
23.04 
too 
-6.62 
.,. 
,}. 
~ J 
., 
• 
1.0 
t 
23 
0. 9 I . 
i' 
! ' 
.. 
0.8 
... 
0. 7 .. 
I • 
. 
I~ • 
\ .... 
~ 
6 )( 0. I 
- .~ I ,I, -C in ci 
I 
5 
-
o. 
~: I I N-
\.-
-
0.3 
0.2 
0.1 
0 5 10 15 
SPACE TIME ( 1') • SECONDS 
FIGURE E I SECOND ORDER KINETICS [Cl F]=O 
35 
I 
Both Eq. (15) and Eq. (18) fail because of the presence or the term 
(l - XF) in the denominator which requires space time to rise very 
rapidly toward infinity at high conversions. 
The final case tested was for consecutive reactions with CMF as 
the intermediate, but in this case assuming that the reaction 
between CMF and F2 was controlling, and that all the chlorine is 
totally reacted at the inlet of the reactor. The kinetic equation 
for this case was developed previously as Eq. (34) 
dXF (34) 
This equation cannot be integrated analytically so tha~ it was 
necessary to graphically integrate the function. Table VI is an 
evaluation of the function (1 - 0.5XF) 2 at various values of XF 
1 - x2 F 
and Fig. VII is a plot of the data. The area under the curve was 
determined graphically at values of XF for which space time was 
available. This data is presented in Table VII along with calcu-
lated values of the integral at various values of XF· Fig. VIII is 
a plot of this data using Eq. (34) as a model. The data yields a 
straight line with only the conversion at a space time of 5.5 seconds 
(Run No. 11) not falling along the line. The high conversion of 
XF = 0.988 falls on the curve when the experimental error is considered. 
For this equation, the space time goes to infinity at total conversion, 
2 
but not as rapidly since the correlating function contained a (l - ~) 
term in the denominator. 
36 
0 
0.424 
0.454 
0.443 
0.483 
0.523 
0.800 
0.900 
0.950 
0.970 
0.988 
TABLE VI 
SECOND ORDER KINETICS 
GRAPHICAL DATA 
(1 - 0.5XF )2 
1 
0.621 
0.598 
0.606 
0.575 
0.545 
0.360 
0.302 
0.275 
0.265 
0.256 
vs. 
37 
(1 - 0.5 Xe )2 
(1-X/) 
1 
0.821 
0.794 
0.804 
0.767 
0.726 
0.360 
0.190 
0.098 
0.059 
0.024 
(1 - 0.5XF )2 
(1 - XF2) 
1 
0.756 
0.753 
0.754 
0.749 
0.750 
1.000 
1.589 
2.806 
4.484 
10.75 
II 0 
10 .o 4 
9 .o 
8 .0 
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I 
I 
I, 
J 
" 
·,1· 
i/ 
i,1 
'\• 
' i 
'I 
i 
,\ 
T 
SEC. XF 
5.5 0 424 +0.008 
. -0.018 
7.0 0 443 +0.012 
· -0.018 
7.5 0 454 +0.008 
· -0.018 
8.5 0 483 +0.014 
. -0.024 
9.0 0 523 +0.015 
· -0.025 
0.800 
0.900 
0.950 
0.958 
0.970 
17.8 0 988 +0.0,12 
' -0.030 
TABLE VII 
SECOND ORDER KINETICS 
[Cl2 ] = 0 jx, , 
= 3 2 ( 1 - 0.5XF ) dX 
r 2k [ F O ] 1 - X 2 F 
3 2 O F 
t 'J /XF (1 - 0.5XF )2 (1-0.5XF) (1 - XF)2 AVE. ~XF ~AREA dXF 
o (1-XF 2) 
0.87 0 424 +0.008 
. -0.018 
0 369 +0.007 
· -0.016 
0 369 +0.007 
. -0.016 
0.75 0 021 +0.012 
· -0.018 
0 016 +0.009 
· -0.013 
0 385 +0.009 
. -0.013 
0.75 0 011 +0.008 
. -0.018 
0 008 +0.006 
· -0.013 
0 393 +0.006 
. -0.013 
0.75 0 029 +0.014 
. -0.024 
0 022 +0.010 
. -0.018 
0 415 +0.010 
. -0.018 
0.75 0 040 +0.015 
. -0.025 
0 030 +0.011 
. -0.019 
O 445 +0.011 
. -0.019 
0.87 0.277 0.216 
1.30 0.100 0.130 
2.20 0.050 0.110 
3.05 0.008 0.024 
3.89 0.020 0.047 
7.61 0 018 +0.012 0.137 1.109 
+ 00 
· -0.030 
- 0.184 
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1 
\ 
-, \>.:';.--~~~~:·th,:~J .. , 
Based on the four kinetic models analyzed, first order kinetics 
as given by Eq. (15) and second order kinetics as given by Eq. (18) 
can be definitely eliminated on the basis that neither can correlate 
the high conversion data obtained at space times of 17 seconds or 
greater. Zero order kinetics represents the data fairly well except 
on the lower conversion end where it falls badly off the curve. 
Also, zero order kinetics would indicate the potential for 100% 
conversion for all space times greater than 20 seconds. Run No. 2 
at a space time of 27,6 seconds and a maximum chlorine conversion of 
0.985 would fail this test. Second order kinetics as represented by 
Eq. (34) fails on the lower end of the curve by approximately the 
same incremental value of XF as zero order kinetics. However, it 
will correlate all the high conversion (Runs 1 to 6) much better. 
Therefore, based on the cases studied, the second order kinetics 
as developed in Eq. (34) best fits all the data and represents a 
reasonable mechanism for the reaction. The equation indicates that 
space time is inversely proportional to F'2 concentration (partial 
pressure) and F2 reactions are known to be very dependent on F2 
pressure, becoming very rapid as F2 pressure is increased. A zero 
order correlation would be independent of F2 pressure. The presence 
of CMF in the product has been reported in the literature (10) and 
subsequent analytical work not included in this report has shown the 
presence of CMF in the product. Therefore, there is ample evidence 
to indicate the formation of chlorine monofluoride as an intermediate 
product and it is expected that the conversion to CTF would be 
dependent on CMF concentration. Also, the rapid reaction between 
41 
. ··~ 
012 and F2 is reported (12) to occur at very low temperatures so 
that you would not expect to have significant concentrations of 
free chlorine in the presence of an excess of a powerful oxidizer 
such as F2. The assUJDJ)tion of zero Cl2 concentration may not be 
perfectly correct but evidently Cl2 is consumed rapidly and reduced 
to a low value in the reactor, so that the assumption of zero 
chlorine concentration can be validly used to simplify the analysis. 
Using Eq. (34) as the model and determining the slope of the 
line in Fig. VIII, a second order reaction·rate constant was 
determined. The slope of the curve is equal to 3 
2 k3 [F;) 
and was determined to be 0.0146 sec -l from Fig. VIII. With 
0 
-1 [F2] in atmospheres, this gives a value of k3 equal to 137 sec 
atm -1, 
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RECOMMENDATIONS FOR FUTURE STUDY 
In developing the kinetic model several additional data points 
would be beneficial. Data at space times of less than 5.5 seconds 
and conversions of less than 40% would be useful since the one data 
point which was obtained at these conditions did not correlate too 
well with the model. 
In analyzing the data and developing the kinetic model, it 
would be beneficial to prove the presence of chlorine monofluoride 
and measure its concentration. This could be done by analysis of 
the off-gas stream from the reactor at various space times. A gas 
chromatographic technique using a gas density detector is reported 
in the literature (10) and the analytical technique is capable of 
detecting and separating fluorine, chlorine, chlorine trifluoride 
and chlorine monofluoride. This analytical equipment was not 
available to the writer during his experimental program. Measurement 
of the concentration of all these components could be used in the 
model analysis and could possibly show that the initial reaction 
cannot be totally ignored. 
In addition, a study of the effects of temperature and pressure 
on the reaction should be made. The kinetic equation indicates the 
reactor space time is inversely proportional to F2 concentration 
(or F2 partial pressure) and this was not tested in the experimental 
program. 
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